observed by one worker cannot always be stained by another. Second, the frequency of staining is little correlated with the actual frequency of the neuron. Third, and Margaret A. MacNeil and Richard H. Masland* Howard Hughes Medical Institute Massachusetts General Hospital perhaps most important, there is no way to eliminate Boston, Massachusetts 02114 the risk that some cells present in the tissue are never stained at all. This is not merely a theoretical possibility. The retina had been studied for nearly a century by the Summary Golgi method before the first starburst cell-which we will show to be one of the more numerous amacrine cellsWe report a quantitative survey of the population of was impregnated (Perry, 1979) . In fact, some Golgi cataamacrine cells present in the retina of the rabbit. The logs of the modern era still include no recognizable cells' dendritic shape and level of stratification were starburst cells (Boycott and Dowling, 1969; Kolb and visualized by a photochemical method in which a fluoNelson, 1981). rescent product was created within an individual cell Our goal here was to construct an accurate overall by focal irradiation of that cell's nucleus. A systematipicture of the amacrine cell population of a mammalian cally random sample of 261 amacrine cells was examretina-one that reflects both the types of cells present ined. Four previously known amacrine cells were reand their frequencies. In contrast to earlier studies, our vealed at their correct frequencies. Our central finding approach starts not from stained instances of particular is that the heterogeneous collection of other amacrine cells but rather from examining the total population of cells is broadly distributed among at least 22 types:
. Random Sampling Method for Targeting Amacrine Cells (A) The nuclei of the DAPI-stained amacrine cells were placed in focus. (B) A grid crossing in one eyepiece was chosen using a table of randomly generated numbers, and the cell located directly beneath the designated crossing was irradiated. In this experiment, the cell at position E6 was targeted. (C) The cell's nucleus was selectively irradiated by a spot 3 m in diameter. (The blue glow surrounding the nucleus is due to scattered light.) (D) Following 10 min of irradiation, the dendrites of cell E6 are filled. This cell has the morphological characteristic of a flag cell and is also shown in Figure 4 . Scale bar, 50 m for all images.
within the tissue are as easily filled as those near the establish the boundaries of the inner plexiform layer, as a guide to the stratification of the filled cell's dendrites. surface, including the smallest cells of the retina's inner nuclear layer. As a result, the technique is quantitative, in the sense that nearly all of the targeted cells are
The Population of Photofilled Cells Approximates the Actual Population of Amacrine Cells successfully filled. We targeted a randomly chosen sample of 261 amacrine cells, to allow an overview of the in the Rabbit's Retina An important goal was to sample accurately the total total amacrine cell population. Since the true fractions occupied by four types of amacrine cells (starburst, A2, population of amacrine cells. One reason to believe that this was accomplished was that a very high fraction of DAPI-3, and indoleamine-accumulating) are known, the frequency of occurrence of these cells could be used as the attempted photofills were successful. Of a total of 261 fills attempted, 246 resulted in cells whose dendrites an internal standard, to verify that our techniques accurately sampled the amacrine cells physically present.
were brightly labeled and that could be grouped by dendritic field size. Among these cells, 190 could be easily identified as distinct cell types. Another 56 could Results be visualized well enough to learn the size of the dendritic arbor and its approximate character, but for variThe DAPI-labeled nuclei of amacrine cells were visualized using low intensity 360 nm epifluorescence irradiaous reasons we did not assign them to a particular cell type. Often this was because of a desire to restrict the tion (Figure 1 ). The crossings on a grid reticle were referred to a table of random numbers and the cell beneath proliferation of cell types-some cells could have been either rare types or slightly aberrant members of a larger a selected crossing was targeted for filling. A pinhole 80 or 100 m in diameter located in the epifluorescence group. These 56 cells are classified here only as small, medium, or wide field. In 15 cases the photofilling failed: path restricted illumination to the nucleus of the targeted cell ( Figure 1C ). Targeted cells were irradiated for ‫01ف‬ the cell body could be seen but little or no filling of the dendrites occurred. Thus, at least a preliminary identifimin, during which time the nonfluorescent H 2 R123 within the cell was converted into R123. The first sign of photocation could be made for 94% of all cells targeted. To further validate the sampling, we compared the conversion was a yellowing of the cell's soma (as seen under blue-violet illumination). The dye then diffused frequency of occurrence of four types of amacrine cell with their actual frequency known from measurement within the dendrites ( Figure 1D ). Pieces of tissue containing filled cells were rinsed in Ames medium, coverin histochemically stained retinas. These known populations are the A2, starburst, indoleamine-accumulating, slipped, and imaged as whole mounts at higher magnification using longer wavelength filters appropriate for and DAPI-3 amacrine cells. It has been determined by other methods that A2 cells make up 11%, starburst cells R123. For every filled cell, two series of images were collected (Figure 2) . The first was a series, at 1 m 3%, indoleamine-accumulating cells 4%, and DAPI-3 cells 2.5% of all amacrine cells (Tauchi and Masland, intervals , through the filled cell. The second, using 360 nm illumination, through-focused the inner plexiform 1984; Sandell and Masland, 1986; Casini et al., 1995; Strettoi and Masland, 1996; Wright et al., 1997) . Examlayer at the same location. The DAPI-labeled nuclei of the inner nuclear and ganglion cell layers were used to ples of each of these cells were easily identified in our This is evidence that our methods do not systematically over-or undersample a morphological class (as do the Golgi method and microinjection). Finally, the computed coverages of the narrow-field cells are near unity, as would be expected (coverage will be discussed in more detail below). Since each type of cell is represented by a small number of examples, some variability is inevitable and sets limits to the precision of our conclusions. Indeed, it is possible that a few very rare cells are not represented in our sample. As an initial survey, though, our methods seem to provide an estimate of the actual population of cells present.
No Single Type of Amacrine Cell Predominates
At the outset, our expectation (and that of others; see Marc, 1989; Vaney, 1991; Kalloniatis et al., 1996) was that the large universe of unidentified amacrine cells would be dominated by a few, common cells. That did not turn out to be the case. The most numerous amacrine cell was A2, a previously known cell that comprised 12.6% of our filled cells. The remainders were distributed among many types of cell, each making up 5% or less of the total amacrine cell population. We made every effort to lump the cells into fewer groups. What prevents this, in most cases, is the differing level of stratification of their processes: cells that arborize within different levels of the inner plexiform layer necessarily have different synaptic connectivity, because the different levels of the inner plexiform layer are occupied by processes belonging to functionally distinct bipolar and ganglion cells. Taken together with the large differences in the cells' dendritic spread and morphology, this kept us from forcing the cells into a smaller number of categories.
Given this diversity, the issue arises how best to present the data. For simplicity (and to avoid implicit biases) we have not relied heavily upon preexisting names or used any formal system of classification. Instead, we have sorted the cells by the readily measurable features of dendritic field size and stratification within the inner plexiform layer. Table 1 the monostratified amacrine cells, had arbors narrowly contained within a single sublamina of the inner plexiform layer. These cells were easily distinguished from the level of stratification alone. sample (Figure 3 ). Although minor variations are inevitable with this relatively small sample of each cell type,
Other cells, such as the spider and AB diffuse-1 cells, had dendrites that occupied several strata. Because the their frequencies, overall, were close to those previously observed (Table 1) .
dendrites of those cells occupied the same regions of the inner plexiform layer, classification relied on differThe four previously known cells cover a spectrum of possible morphologies: they include one narrow-field ences in the shape and trajectory of the dendritesspider cells had straight, vertical dendrites, whereas AB cell, two that are bistratified, and one wide-field cell. They branch at different levels of the inner plexiform diffuse-1 cells were bushier with sloping, wavy, varicose dendrites. Similar comparisons were made for the other layer and have a wide variety of dendritic specializations. narrow-field cells. Eleven types could be distinguished their level of stratification within the inner plexiform layer (Figures 3 and 5 ). For instance, starburst cells-the most (Table 1 and Figures 3 and 4) . Except for A2, no narrowfield cell made up more than 5% of the total population common medium-field cell-had flat, radial arbors positioned at 25% of the inner plexiform layer, whereas of amacrine cells.
Medium-Field Cells
asymmetric bistratified cells, also with flat arbors, were bistratified and arborized at 20% and 60% of the inner Medium-field cells were less diverse than the narrowfield cells, and as a group made up ‫%52ف‬ of all amacrine plexiform layer. Cells classified from both stratification and dendritic cells. Examples of all of the medium-field types are shown in Figure 3 or Figure 5 . However, medium-field features included the DAPI-3 and AB broad diffuse cells, all of which ramified within the middle layers of the inner cells were correspondingly less numerous in absolute terms in our sample, and there were several instances plexiform layer. DAPI-3 cells had two separate arbors made up of thin, meandering dendrites with prominent in which well-filled cells were left unclassified because we had only one example. Even though these were varicosities. In contrast, the dendrites of the AB broad diffuse cells occupied a continuous sector of the inner clearly different from the more common types, it seemed inappropriate to create a morphological group based plexiform layer, spanning several strata, with a dense cluster of highly branched dendrities. The dendrities of on a single cell.
Most medium-field cells were readily differentiated by AB broad diffuse-1 cells formed long segments that To reduce variation due to location across the retina, nearly all of the filled cells were from a region 6-10 mm directly ventral to the optic nerve head. Stratification levels were rounded off to the nearest 5%. The standard errors averaged 9.5% of the means for the dendritic field diameters and 17.2% for the dendritic areas.
originated from several proximal dendrites. AB broad making it hard to estimate their lateral extent. Therefore, all but two types of wide-field cells were classified simdiffuse-2 cells formed a smaller (130 m) dendritic arbor that was made up of short, straight, highly branched ply by their level of stratification within the inner plexiform layer. One exception was the indoleamine-accuprocesses that all originated from a single primary dendrite.
mulating cells (Types 1 and 2) (Vaney, 1986; Sandell and Masland, 1986) , which could be identified by their Wide-Field Cells Wide-field cells made up ‫%02ف‬ of our sample. Most characteristic morphology. A Type 1 cell is shown in Figure 3 . The indoleamine-accumulating cells are charhad thin, sparse, uncomplicated processes extending far outside the microscope field, with few distinctive acterized by rather straight dendrites with numerous varicosities. Processes slope across the inner plexiform morphologic features (Figure 6 ). The labeling of the thin processes faded quickly, even with brief irradiation, layer to run finally within layer 5. Long dendrites of the narrowly stratifying cells (e.g., flat bistratified) appear in focus within a single plane, whereas for diffuse cells the dendrites appear as discontinuous fragments (e.g., AB diffuse-1). When the dendrites are cut in cross section, they appear as bright dots (spider cell, lower image). Schematic line drawings illustrate the vertical appearance and stratification of each cell type within the inner plexiform layer. One narrow-field cell, termed "A2-like," is not shown here. Its morphology resembles that of A2, but both the outer and inner arbor were broader than A2, and the inner arbor branched more sclerally (see Table 1 ). Arrows indicate the levels of the images. Scale bar, 50 m. The six upper panels illustrate cells with bistratified dendrites (asymmetric bistratified, wavy bistratified) or dendrites in the outer portion of the retina which arise from an inner arbor (fountain cell). The bottom images illustrate three diffusely stratified cells. Line drawings represent the cells' vertical appearance and stratification within the inner plexiform layer. Arrows indicate the levels of the images. Scale bar, 50 m.
The second exception was the cell termed WF3-2 1992), but our techniques did not allow us to see whether or not they had axons. (Figure 6 ). These cells arborized in layer 3, but seemed to fill more of the layer than the other wide-field cells. (Note in the figure that the dendrites cross over and
The Cell Densities Observed Produce Efficient Retinal Coverages under each other.) Their dendrites were more numerous than those of the other wide-field cells and had a more As a rule, retinal neurons cover the retina efficiently. Cells of a single type cover every part of the retinal complicated pattern of curving and branching. In contrast to the other wide-field cells, they had numerous surface, but with little overlap from cell to cell within that population: they "tile" the retina (Wä ssle and Riemann, spines and varicosities. The initial arbors of the cells resembled those of the "polyaxonal-1" cells (Famiglietti, 1978) . To prevent gaps in the retina's processing of information, a cell type should cover the retinal surface From this work, we learn nothing of the cells' biochemical phenotypes or connectivity; these remain for studies at least once; that is, dendrites of at least one of the cells should be present at every point across the retinal in which attention is focused on individual types. Another future task is to match these cells to those presurface. The coverage factor, which would be exactly 1 for a perfectly efficient cell, thus can potentially validate viously described by the Golgi technique or microinjection. The present results do allow a certain perspective our classification of cell types. We computed the cells' coverage, using the frequency with which the cell type on the organization of the retina as a whole, and that will be the focus of this discussion. was encountered in our sample and the average area of the cells' dendritic arbors. The area of a cell's denWith these results, the program of identification and classification of retinal neurons begun by Cajal is nearing dritic field was defined by a polygon connecting the tips of its dendrites. The numerical density of each amacrine completion. The large classes of cell are known quantitatively (Strettoi and Masland, 1995) . Other workers have cell type was determined from its relative frequency and the total density of amacrine cells at that eccentricity, identified the main types of horizontal and bipolar cells (Wä ssle et al., 1989; Cohen and Sterling, 1990 ; Boycott known from previous work Masland, 1995, 1996) . The dendritic coverage was then computed by and Wä ssle, 1991; Euler and Wä ssle, 1995). While refinements will surely occur, the fundamental building blocks multiplying the amacrine cell density by the average dendritic area (Table 1) . (Note that we made a more of the retina are now known. What do we learn about the retina, and what is to be expected in regions of precise estimate than usual of the dendritic field boundaries. The more common method [Wä ssle et al., 1978] , the CNS where the players have been less completely described? in which the field's widest and narrowest diameters are averaged, yields 20%-30% higher values for the coverage factor.) The precision of these estimates is limited Narrow-Field Amacrine Cells Are Very Common by the small number of examples of each cell type, but Many types of narrow-field amacrine cell exist, in addithe general result is clear. The coverages of the narrowtion to the well-studied A2. Together, they make up more field cells hover around a value of 1. If we had created than half of all amacrine cells, a picture different from too many cell types, we should have seen many "types" the one given by most current descriptions of the retina, of cells that appeared to have coverages less than 1.
where medium-and wide-field cells dominate the disThe coverages of the medium-field cells are generally cussion (Dowling, 1987; Vaney, 1991 ; Wä ssle and Boyhigher, and the very high coverage of the starburst cells cott, 1991). Narrow-field cells are clearly illustrated in is striking. This confirms earlier reports and shows in classic Golgi studies (Polyak, 1941) . The recent overemaddition that the starburst cells are the main narrowphasis on medium-and wide-field cells occurred partly or medium-field type with this property. The coverage because those cells, having larger somas, are more factor found by photofilling of the regularly placed starreadily microinjected. burst cells was higher than the value ‫)06ف(‬ reported for
The function of an individual narrow-field amacrine the displaced starburst cells (Vaney, 1984; cell obviously depends upon its connectivity, but the Masland, 1984) . The regularly placed starburst cells are general class of functions that these cells can carry out reported to be 13% broader than the displaced staris suggested by their density and size. Many of the cells bursts at each retinal eccentricity, and this would achave a dendritic spread of 50-100 m. In contrast, the count, at least in part, for the higher value.
dendritic fields of retinal ganglion cells at this eccentricity range up to 800 m (Peichl et al., 1987; Yang and Discussion Masland, 1994) . Many narrow-field amacrine cells thus lie within the dendritic field of each ganglion cell. It Our major finding is that a large number of types of seems likely that the amacrine cells transmit or imporamacrine cell exist, in numbers distributed broadly tantly modify information passing down the retina's main among the individual types. Heterogeneity of amacrine through-pathway from bipolar cells to ganglion cells. cells has been suspected from circumstantial evidence Such an amacrine cell would need to be reduplicated Vaney, 1991; Kalloniatis et al., many times within the ganglion cell's receptive field, or 1996). What is added here is that the number, stratificaelse it would degrade the ganglion cell's spatial resotion, dendritic morphology, and approximate retinal coverage of each type of cell is simultaneously revealed.
lution.
Many Amacrine Cells Violate the ON-OFF
Because of the differing stratifications of the remaining amacrine cells (i.e., their different connectiviSubdivision of the Inner Plexiform Layer Among wide-field cells-both those previously known ties), there is every reason to believe that their jobs are equally specific. This is not surprising, if only because and those newly encountered here-narrow stratification is the rule. The cells branch widely across the retina many features of the final ganglion cell output still lack mechanistic explanations. These include temporal and but their dendrites are restricted to one of the inner plexiform layer's sublaminae. The narrow-field cells, spatial filtering, movement sensitivity, correlated firing, and at least two kinds of brightness and contrast adaphowever, frequently participate in the activities of more than one layer. Roughly half have arborizations in both tation (Wä ssle and Boycott, 1991; Meister et al., 1995; Neuenschwander and Singer, 1996; Berry et al., 1997 ; the inner (ON) sublayer of the inner plexiform layer and the outer (OFF) sublayer (Figure 4 ). This contrasts with the Smirnakis et al., 1997) . Several of these transformations are newly discovered, suggesting that still others remain bipolar and ganglion cells, which with few exceptions respect the ON-OFF dichotomy (Famiglietti and Kolb, to be learned. 1976; Wä ssle et al., 1981; Boycott and Wä ssle, 1991) .
The narrow-field amacrine cells are so small that one The Amacrine Cell Populations of Other Mammals must assume them to be electrically isopotential. For Are Similar to Those of the Rabbit that reason, they potentially mix the two types of signal:
The previously known types of amacrine cell are widely a cell that receives synaptic inputs in the ON layer and conserved among mammals. A2, starburst, indoleaminemakes outputs in the OFF layer, for example, would accumulating (A17), dopaminergic, and vasoactive ininject ON responses into the OFF layer. However, the testinal peptide (VIP) types of cells have each been obmixing can be corrected by sign-inverting synapses, as served in the retinas of the mouse, rat, rabbit, cat, and happens with amacrine cell A2 (Sterling, 1998) . Indeed, a monkey (Famiglietti and Kolb, 1975; Perry and Walker, possible function of the many gap junctions of amacrine 1980; Kolb et al., 1981; Masland and Tauchi, 1986 ; Dacells (Vaney, 1994) could be to allow a narrow-field amacey, 1990; Mariani, 1990; Tauchi et al., 1990 ; Vaney, crine cell, most of which release glycine or GABA at 1991; Casini and Brecha, 1991 ; Wä ssle and Boycott, their chemical synapses (Marc, 1989; Kalloniatis et al., 1991; Rodieck and Marshak, 1992; Gustincich et al., 1996) , to be excitatory in one layer and inhibitory in 1997). The overall fraction of horizontal, bipolar, and another. An economy would result from this arrangeamacrine cells is known to be similar in the mouse, ment, because it would allow a single amacrine cell to rabbit, and monkey retinas (Young, 1985 ; Martin and carry out a function for both the ON channel and the Grü nert, 1992; Strettoi and Masland, 1995) . While there OFF channel. are probably differences in detail (if only because some retinas are trichromatic), it is unlikely that the fundamenAmacrine Cells Have Dedicated Functions tal population of amacrine cells in other mammals is We were surprised to find that the numbers of amacrine very different from the one described here. cells are so evenly distributed. We had hoped and expected that a few (perhaps three or four) common amaLocal Circuit Neurons in Other Parts of the Central crine cells would dominate. Instead, despite strenuous Nervous System Are Equally Heterogeneous efforts to lump the cells into fewer categories, we find Local circuit neurons are present in most gray matter at least 26 different types of amacrine cell. It is ironic structures of the brain. Knowledge of them is, in general, that the starburst cell, originally considered a rare type, anecdotal; it comes from Golgi stains, nuclear cytology, is in fact one of the more numerous amacrine cells.
or broad neurotransmitter labeling. For that reason, the We are forced to treat each type of amacrine cell as local circuit neurons tend to be lumped conceptually as potentially of equal importance to the retina's function.
forming a single functional class within each structure. Why does this diversity exist?
However, these populations of neurons actually appear The apparent reason is that each of the cells has a to be as heterogeneous as retinal amacrine cells. unique role in the transmission of information through
The cerebral cortex serves as an example (a similar the inner retina. This is different from the roles carried analysis could be made for the hippocampus). The Golgi out by earlier retinal neurons. In this context, a photoremethod reveals, in the striate cortex of the monkey, ceptor cell is a general purpose neuron. It contributes to more than 50 anatomical types of local circuit neurons the response of every subsequent retinal cell. Similarly, (Lund, 1987; Lund et al., 1988; Lund and Yoshioka, 1991 ; horizontal cells feed back onto all rods or all cones; they Lund and Wu, 1997) . One might initially suspect that spatially differentiate every image that passes through a few major functional classes of local circuit neuron the outer retina. In contrast, every amacrine cell whose dominate, as was previously thought for the retina. Howfunction is known has a sharply delineated task. A2 ever, the existing evidence suggests that cortical neulinks the rod bipolar cells with the cone pathway, and rons are also widely distributed among types. When a distributes their purely ON responses to both the ON combination of histochemistry and serial section elecand OFF channels. The indoleamine-accumulating cells tron microscopic reconstruction was used to rigorously modify the transmission of information from rod bipolars identify three discrete types of neuron within layer 4ab of to amacrine A2 cells (Sandell et al., 1989; the cat's striate cortex, each type was found to comprise 1992). Starburst cells enhance the responses of certain only 0.5%-1.5% of all of the neurons present in layer ganglion cells to moving stimuli (He and Masland, 1997 (Gustincich et al., 1997) .
al., 1987).
were reanesthetized and both eyes were removed from the orbit
The problem created is that we know many other kinds and hemisected in Ames medium (Sigma Chemical). The animal was of cortical cells to exist, but do not know how important then killed by an overdose of the same agents in accordance with each is, or how many types of cells are missing altoinstitutional guidelines. The retinas were dissected from the postegether from our view. The foundation upon which the rior eyecup and maintained in vitro using procedures described in present studies were built was a quantitative accounting previous publications (Ames and Nesbett, 1981; Yang and Masland, 1994) .
of all of the major cell classes in the retina. The inner
Following an initial incubation period of 3 hr (for clearing of unnuclear layer was approached as a three-dimensional bound DAPI from the tissue), pieces of living DAPI-stained retina solid, and every cell within it was classified (Strettoi and were cut and flatmounted to pieces of black, nonfluorescent filter Masland, 1995 Masland, , 1996 . That information allowed us to ulation. Using currently available molecular probes and and the surface of the medium was gassed with 20% O2, 5% CO2. We modern microscopy, a comparable analysis could be used 20% rather than 95% oxygen to limit spontaneous oxidation of begun in other regions of the mammalian CNS.
the H2R123. Previous work has shown that 20% oxygen is sufficient to sustain isolated rabbit retinas (Ames and Nesbett, 1981) . H 2R123 Experimental Procedures (Molecular Probes) was added to the bath to achieve a final concentration of 5-20 M. Overview We used the oxidation of H 2 R123 to R123 to fill cells, the reaction Intracellular Filling being initiated by focal irradiation of a cell's DAPI-labeled nucleus
The dish containing the retina in the H2R123 bath was placed on a with short wavelength light. H2R123 is moderately lipophilic, and microscope stage, and DAPI-labeled neurons were viewed with a this allows it to enter cells freely when added to the incubation Zeiss 40ϫ Plan Neofluar water immersion lens using a 100 W mermedium. It is virtually nonfluorescent. R123 is fluorescent and is cury source and filters appropriate for DAPI (excitation, 340-380 cationic at physiological pH. The charge both renders R123 memnm; dichroic, 395 nm; emission, long pass 420 nm). Nonspecific brane impermeant and causes it to accumulate within negatively photooxidation of H2R123 in the bathing medium was decreased by charged membranes (Royall and Ischiropoulos, 1993) . The overall placing a 2 log neutral density filter (Omega Optical) in the epifluoresnegative membrane potential of the cell thus tends to retain the cence path when focusing the microscope and selecting DAPImolecule, which was useful because it retards possible leakage of labeled cells for filling. While DAPI labels some amacrine cells more the fluorescent probe out of the cell. However, R123 accumulates brightly than others, at the relatively high concentrations used, all maximally in mitochondria, with the result that the cell bodies and amacrine cells (indeed, all retinal neurons) appeared to be labeled dendritic varicosities of the amacrine cells were brightly labeled.
to some extent. This is to be expected for a DNA-binding molecule. The bright somatic labeling interfered somewhat with visualization It was evidenced by a lack of obvious gaps in the mosaic of stained of the dendrites, but the added retention of the oxidized probe amacrine cells and confirmed by the finding that the known types nonetheless made H 2 R123 preferable to other compounds tested.
of amacrine cell were encountered in our sample at the expected The mechanism by which H 2 R123 is converted to R123 is underfrequencies. stood only in general. In principle, it is similar to the photooxidation Single cells located at the vitreal margin of the inner nuclear layer of diaminobenzidine initiated by irradiation of many other fluorowere randomly selected by using an indexed grid reticle in one chromes, which yields an insoluble reaction product useful for anaeyepiece and a table of randomly generated numbers to represent tomical purposes (Maranto, 1982; Sandell and Masland, 1988) . The each grid crossing ( Figure 1B ). The cell located directly under the series of reactions in the present experiments begins with absorpdesignated coordinate was carefully moved to the center of the tion of a photon by DAPI to yield a DAPI molecule in an excited microscope field. We replaced the iris diaphragm in the back focal state. The reactive DAPI species presumably reacts with molecular plane of the epiillumination path of the microscope with a slider oxygen to create superoxide radicals (O2 Ϫ ) (Maranto, 1982 ; Deerinck holding pinholes 80 and 100 m in diameter and an iris diaphragm. et al., 1994) . From this starting point, several species could particiOne of the pinholes was centered in the microscope field so that pate. In some living cells, subsequent reactions have been reported only the DAPI-labeled nucleus of the targeted cell was visible. The to proceed via hydrogen peroxide (H2O2). Superoxide is converted pinholes limited the beam of light to 2-3 m in diameter, insuring to hydrogen peroxide and the hydrogen peroxide directly oxidizes that only the nucleus of the targeted cell would be exposed to H 2 R123, the reaction being catalyzed by endogenous peroxidases ultraviolet irradiation. Because of the optical geometry of high nu- (Henderson and Chappell, 1993; Royall and Ischiropoulos, 1993) . merical aperture objectives, cells above or below the targeted cell There is evidence for the formation of hydroxyl radicals (OH Ϫ ) after received too little light to photoconvert their H 2 R123 (Sulston and laser excitation of malachite green, and they would be capable of White, 1980; He and Masland, 1997) . directly oxidizing H2R123 to R123 (Liao et al., 1994) . It is also possible Conversion of H2R123 to R123 in the targeted cell was accelerated that singlet oxygen directly oxidizes H2R123 (Maranto, 1982; Deer- by removing the 2 log neutral density filter from the epifluorescence inck et al., 1994). Understanding more precisely which of these path for the duration of the pinhole irradiation. Optimal irradiation species participate under our conditions might suggest better times varied depending on the state of the tissue, the concentration probes for future work.
of H2R123 in the bathing medium, and the intensity of the DAPI It was not practical to wash the unoxidized H2R123 out of the labeling, but were usually 5-10 min. After several cells in a piece of tissue, and this created a potential problem: viewing of the filled retina were filled, it was rinsed briefly in fresh Ames medium and cells by ordinary microscopy quickly photooxidized all of the H2R123 then coverslipped, unfixed, in medium. Every targeted amacrine cell in the field, obscuring the filled cells. This was avoided by the use was imaged and recorded as part of the database shown in Table 1 . of a sensitive digital camera, which could capture stacks of images of the filled cells using short exposure times and dim illumination Data Acquisition without triggering much further photooxidation.
Filled amacrine cells were immediately imaged using a sensitive digital camera that allowed us to collect multiple images of single cells using short exposure times ‫004ف(‬ ms) without significant fading Nuclear Labeling One day prior to experiments, amacrine cell nuclei in each eye of the tissue or elevation of background staining. Optical images at 1 m intervals throughout the depth of the R123-filled cells (a total of adult New Zealand white rabbits (4.5-5.0 kg) were labeled by intraocular injection of 10 g DAPI (4,6-diamidino-2-phenylindole, of ‫03ف‬ images) were recorded for each cell. The images were obtained by epifluorescence microscopy using a Zeiss Axioplan microSigma Chemical) under general anesthesia (intramuscular 50 mg/ kg ketamine and 10 mg/kg xylazine). The following day, the animals scope equipped with high numerical aperture objectives (40ϫ Zeiss
